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UNDER 37 MeV PROTON IRRADIATION 
Henry 6 .  Curtis and Clifford K. Swartz 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
SUMMARY 
Gallium arsenide concentrator cells from three sources and silicon concen- 
trator cells from one source were exposed to 37 MeV protons at fluences up to 
2.8~1012 protons per square cm. 
fluences, at two temperatures (25 and 80 OC), and at concentration levels from 
1 to about 150X AMO. Data at one sun and 25 OC were taken with an X-25 xenon 
lamp solar simulator. Data at concentration were taken using a pulsed solar 
simulator with the assumption of a linear relationship between short-circuit 
current and irradiance. The cells are 5 by 5 mm with a 4-mm diameter illumi- 
nated area. 
Performance data were taken after several 
INTRODUCTION 
The use of concentrating optics for space photovoltaic power generation 
has been under consideration for some time. 
centrators include higher cell efficiency, better radiation resistance and 
lower cost. One possible optical design out of several is the miniature 
Cassegrainian concept developed by TRW (ref. 1). This design involves small 
gallium arsenide cells operating at a concentration level of 100 to 130X AMO. 
The cells are 5 by 5 mm with a 4-mm diameter illuminated area which leaves 
about half the cell area covered with outer bus-bar. 
The potential advantages of con- 
One o f  the unanswered questions involving concentrator cells is their per- 
* Research Center, we have irradiated several concentrator gallium arsenide cells 
formance degradation at concentrated light levels after electron and proton 
irradiation. As part of an ongoing concentrator cell program at NASA Lewis 
with either 1 MeV electrons or 37 MeV protons. For comparison purposes, we 
also irradiated some silicon small area concentrator cells. The data for the 
electron irradiations were presented at the 18th PVSC (ref. 2). The results 
of the proton irradiations are presented here along with some comparison to the 
electron data. 
CELL DESCRIPTION 
The gallium arsenide cells used for these irradiations are from three 
sources, Hughes, Varian, and ASEC. All the cells are p/n with an AlGaAs window 
and a junction depth of 0.5 pm. The Hughes cells are LPE grown while the 
Varian and ASEC cells are OM-CVD. The Hughes and Varian cells were supplied to 
NASA Lewis as part of NASA contracts, while Lewis purchased the ASEC cells 
directly. 
ASEC. 
two cells from each source irradiated for this work. 
The silicon cells were given to NASA Lewis for this experiment by 
They are 2 Q-cm n/p cells with a junction depth of 0.2 pm. There were 
EXPERIMENTAL D E S C R I P T I O N  
D u r i n g  c e l l  performance measurements t h e  sma l l  a r e a  c o n c e n t r a t o r  c e l l s  
were i n d i v i d u a l l y  mounted i n  separa te  c e l l  h o l d e r s .  The h o l d e r s  c o n s i s t  o f  a 
smal l  bo t tom meta l  base and a w a s h e r - l i k e  me ta l  t o p  w i t h  a beve led  h o l e  
s l i g h t l y  l a r g e r  than  t h e  i l l u m i n a t e d  a r e a  o f  t h e  c e l l .  These two p i e c e s  s u p p l y  
b o t h  a permanent suppor t  for  t h e  c e l l  and an a r e a  for t h e  f o u r - w i r e  e l e c t r i c a l  
a t tachmen t .  The 
V a r i a n  c e l l s  remained i n  t h e i r  h o l d e r s  t h r o u g h o u t  a l l  p r o t o n  i r r a d i a t i o n s  and 
performance measurements, whi l e  t h e  o t h e r  c e l l  s were removed from t h e i r  h o l d e r s  
for t h e  p r o t o n  i r r a d i a t i o n s .  
c e l l s ,  no r  was t h e r e  any s h i e l d i n g  by o p t i c a l  e lements d u r i n g  t h e  i r r a d i a t i o n s .  
There was no s o l d e r i n g  or w e l d i n g  of any c o n t a c t  t o  any c e l l .  
There were no  cove r  g lasses  a t t a c h e d  t o  t h e  
P ro ton  i r r a d i a t i o n s  u s i n g  37 MeV p r o t o n s  were performed a t  t h e  NASA Lewis 
The c e l l s  were i r r a d i a t e d  t o  a t o t a l  f l uence  o f  2 . 8 ~ 1 0 ~ 2  p r o t o n s  c y c l o t r o n .  
p e r  square c e n t i m e t e r ,  w i t h  per fo rmance measurements made a t  s e v e r a l  i n t e r -  
med ia te  f l u e n c e  l e v e l s .  The per fo rmance measurements c o n s i s t e d  o f  t h e  
f o l  l o w i n g :  
( 1 )  I - V  d a t a  a t  25 O C  and 1 AM0 u s i n g  an X-25 xenon s o l a r  i ; imulator and a 
r e f e r e n c e  c e l l .  
( 2 )  I - V  d a t a  a t  25 O C  a t  s e v e r a l  c o n c e n t r a t i o n s  up t o  l O O X  AM0 and above 
u s i n g  a p u l s e d  xenon s o l a r  s i m u l a t o r  and t h e  l i n e a r  assumpt ion  between i r r a d i -  
ance and shor t  c i r c u i t  c u r r e n t .  
( 3 )  S h o r t  c i r c u i t  c u r r e n t  d a t a  a t  one f i x e d  c o n c e n t r a t i o n  a t  b o t h  25 and 
80 O C  i n  o r d e r  t o  s e t  t h e  c u r r e n t  s c a l e  a t  t h e  e l e v a t e d  tempera tu re .  
( 4 )  I - V  d a t a  a t  80 O C  a t  s e v e r a l  c o n c e n t r a t i o n s  as i n  s t e p  2 above. 
D u r i n g  I - V  measurements t h e  c e l l s  i n  t h e i r  h o l d e r s  a r e  mounted t o  a tem- 
p e r a t u r e  c o n t r o l l e d  b l o c k .  The c o n c e n t r a t i o n  l e v e l  on t h e  c e l l  i s  v a r i e d  by a 
comb ina t ion  o f  changing t h e  d i s t a n c e  from t h e  l i g h t  source  and t h e  use o f  a 
f r e s n e l  l e n s .  S ince  t h e  d u r a t i o n  of t h e  l i g h t  p u l s e  from t h e  f l a s h  s i m u l a t o r  
i s  j u s t  2 m s ,  t h e r e  i s  no  h e a t i n g  e f f e c t  from t h e  c o n c e n t r a t e d  l i g h t .  
e lapsed t i m e  a t  80 O C  was about  30 min  f o r  each c e l l .  
ments were made a t  1 sun and 25 O C  a f t e r  t h e  e l e v a t e d  tempera tu re  measurements, 
i n  o r d e r  t o  de termine i f  any a n n e a l i n g  had taken  p l a c e .  
The 
Severa l  r e p e a t  measure- 
RESULTS AND DISCUSSIONS 
A l l  t h e  d a t a  shown a r e  t h e  averages o f  t h e  two c e l l s  from each source  
wh ich  were c a r r i e d  th roughou t  t h e  p r o t o n  i r r a d i a t i o n s .  Each o f  t h e  g a l l i u m  
a r s e n i d e  c e l l  groups had a t  l e a s t  one c e l l  w i t h  an e f f i c i e n c y  o f  o v e r  20 p e r -  
c e n t  a t  l O O X  AM0 and 25 O C  b e f o r e  i r r a d i a t i o n .  The s i l i c o n  c e l l s  were near  
16 p e r c e n t  a t  t h e  same tempera tu re  and c o n c e n t r a t i o n .  
wh ich  were i r r a d i a t e d  w i t h  e l e c t r o n s  ( r e f .  2 > ,  t h e  average e f f i c i e n c y  (25  O C ,  
l O O X  AM01 for t h e  t h r e e  t ypes  o f  GaAs c e l l s  v a r i e s  from 19.1 t o  21.3 p e r c e n t .  
The average e f f i c i e n c y  f o r  t h e  s i l i c o n  c e l l s  i s  16.4 p e r c e n t .  The d a t a  p re-  
sented he re  a r e  i n tended  t o  be a f i rs t  look a t  t h e  per fo rmance o f  c o n c e n t r a t o r  
c e l l s  a f t e r  p r o t o n  bombardment, and shou ld  n o t  be used fo r  f i n a l  comparison 
between c e l l  sources. 
I n c l u d i n g  t h e  c e l l s  
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Tables I t o  I11 show t h e  r a t i o s  of s h o r t  c i r c u i t  c u r r e n t ,  open c i r c u i t  
v o l t a g e ,  fill f a c t o r ,  and maximum power a f t e r  i r r a d i a t i o n  to  t h e  u n i r r a d i a t e d  
va lues  for seve ra l  f l u e n c e  l e v e l s  a t  t h r e e  d i f f e r e n t  measurement c o n d i t i o n s .  
Tab le  I shows d a t a  f o r  25 O C  a t  1 sun, w h i l e  t a b l e s  I 1  and I11 show d a t a  f o r  
l O O X  c o n c e n t r a t i o n  a t  25 and 80 O C  r e s p e c t i v e l y .  
c u r r e n t  a t  25 O C  a r e  t h e  same for b o t h  s o l a r  i r r a d i a t i o n  l e v e l s  due to  t h e  
l i n e a r  c u r r e n t - i r r a d i a n c e  assumption. F i g u r e  1 shows t h e  n o r m a l i z e d  Pmax 
r a t i o  versus  37 MeV p r o t o n  f l uence  for a l l  f o u r  c e l l s  a t  25 O C  and 1OOX. 
The r a t i o s  for s h o r t - c i r c u i t  
The d a t a  i n d i c a t e s  t h a t  a l l  t h r e e  t ypes  of GaAs c e l l s  were more r e s i s t a n t  
to  37 MeV p r o t o n s  than  t h e  s i l i c o n  c e l l s .  
p e r  square c e n t i m e t e r ,  t h e  maximum power degrades about  16 p e r c e n t  f o r  t h e  
t h r e e  GaAs c e l l s ,  w h i l e  t h e  s i l i c o n  c e l l s  degraded o v e r  40 p e r c e n t .  
A t  l O O X  AM0 and 2 . 8 ~ 1 0 1 2  p r o t o n s  
For t h e  g a l l i u m  a r s e n i d e  c e l l s ,  t h e  d rop  i n  power i s  f a i r l y  e v e n l y  d i v i d e d  
between v o l t a g e  and c u r r e n t  l osses .  The one e x c e p t i o n  to  t h i s  i s  t h e  ASEC 
c e l l s  a t  c o n c e n t r a t i o n .  The dominant loss i n  t h e  s i l i c o n  c e l l s  i s  due t o  t h e  
c u r r e n t .  Tab le  I V  summarizes t h e  ma jo r  l o s s  parameter  f o r  t h e  v a r i o u s  c e l l s  a t  
b o t h  AM0 and a t  1OOX. For comparison purposes, we have a l s o  i n c l u d e d  s i m i l a r  
i n f o r m a t i o n  f o r  1 MeV e l e c t r o n s  ( r e f .  2 ) .  Note t h e  s i l i c o n  c e l l  Pmax d r o p  i s  
always dominated by  t h e  c u r r e n t  loss. For t h e  GaAs c e l l s ,  t h e r e  i s  t h e  genera l  
t r e n d  o f  c u r r e n t  loss b e i n g  dominant for 1 MeV e l e c t r o n s  t o  b o t h  c u r r e n t  and 
v o l t a g e  b e i n g  i m p o r t a n t  f o r  t h e  37 MeV p r o t o n s .  
F i g u r e s  2 t o  5 show t h e  r a t i o s  o f  maximum power, s h o r t - c i r c u i t  c u r r e n t ,  
o p e n - c i r c u i t  v o l t a g e ,  and f i l l  f a c t o r  t o  t h e  i n i t i a l  va lues  as a f u n c t i o n  o f  
p r o t o n  f l u e n c e .  The d a t a  a r e  for 25 O C  and l O O X  AMO. Each f i g u r e  i s  f o r  
e i t h e r  s i l i c o n  or one o f  t h e  GaAs c e l l  t y p e s .  A s  s t a t e d  above, t h e  V a r i a n  and 
Hughes GaAs e x h i b i t  r o u g h l y  an equal  c u r r e n t  and v o l t a g e  d r o p  w h i l e  t h e  ASEC 
GaAs and t h e  s i l i c o n  c e l l s  a r e  m a i n l y  c u r r e n t  loss.  I n  g e n e r a l ,  t h e  f i l l  f a c -  
t o r  d rop  i s  q u i t e  sma l l  and does n o t  p l a y  an i m p o r t a n t  r o l e  i n  t h e  power 
deg rada t ion .  
The d a t a  d i scussed  above has been m a i n l y  f o r  25 O C  and l O O X  AMO. The 
c e l l s  a r e  c o n c e n t r a t o r  c e l l s  and t h e  l O O X  d a t a  i s  t h e  most i m p o r t a n t ,  however 
we do have d a t a  a t  1 sun--25 O C  and a l s o  a t  100X--80 O C .  F i g u r e  6 shows PmaX 
r a t i o  versus 37 MeV proton f l u e n c e  f o r  t h e  d i f f e r e n t  c e l l s  a t  25  "C and AMO. 
A s  i n  t h e  l O O X  case o f  f i g u r e  1 ,  t h e  t h r e e  GaAs c e l l s  a l l  degrade much l e s s  
than  t h e  s i l i c o n  c e l l s .  However t h e  V a r i a n  c e l l s  degrade somewhat l e s s  a t  one 
sun t h a n  t h e  o t h e r  GaAs c e l l s .  T h i s  i s  shown f u r t h e r  i n  f i g u r e s  7 and 8 wh ich  
show t h e  Pmax 
measurement c o n d i t i o n s .  
r a t i o  f o r  b o t h  t h e  V a r i a n  and ASEC GAAs c e l l s  a t  t h e  t h r e e  
Note t h a t  f o r  t h e  ASEC c e l l s  ( f i g .  7 )  t h e  d a t a  shows more d e g r a d a t i o n  a t  
1 sun than  a t  c o n c e n t r a t i o n  wh ich  i s  t h e  o p p o s i t e  o f  t h e  V a r i a n  c e l l s  ( f i g .  8 ) .  
I t  must be remembered t h a t  these a r e  c o n c e n t r a t o r  c e l l s  des igned t o  o p e r a t e  a t  
l O O X  and t h e y  a r e  v e r y  smal l  ( 5  by 5 mm) .  Because o f  t h e i r  sma l l  s i z e ,  t h e r e  
may be edge r e l a t e d  s h u n t i n g  pa ths  which can be changed by  t h e  p r o t o n  i r r a d i a -  
t i o n s .  These would be much l e s s  i m p o r t a n t  a t  t h e  h i g h e r  c u r r e n t  d e n s i t i e s  a t  
c o n c e n t r a t i o n .  Also shown on f i g u r e s  7 and 8 a r e  d a t a  a t  80 O C  and 1OOX. For 
a l l  t h e  GaAs c e l l s  t h e  80 O C  d a t a  shows a l i t t l e  more d e g r a d a t i o n  than  t h e  
25 OC da ta .  The d i f f e r e n c e s  a r e  n o t  l a r g e  enough t o  be s i g n i f i c a n t .  
Performance d a t a  was a l s o  taken a t  25 O C  a f t e r  t h e  30 min  spen t  a t  80 O C  
f o r  measurement purposes f o r  seve ra l  c e l l s  i n  o r d e r  t o  de te rm ine  i f  t h e r e  were 
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any a n n e a l i n g  e f f e c t s .  
spent  a t  80 O C .  
I n  a l l  cases, t h e r e  was no  a n n e a l i n g  due t o  t h e  t i m e  
CONCLUDING REMARKS 
G a l l i u m  a r s e n i d e  c e l l s  from t h r e e  sources and s i l i c o n  c e l l s  from one 
source were i r r a d i a t e d  w i t h  37 MeV p r o t o n s  t o  a t o t a l  f l uence  o f  2 . 8 ~ 1 0 1 2  
p r o t o n s  pe r  square c e n t i m e t e r .  
performance measurements were made a t  b o t h  25 and 80 O C  a t  d i f f e r e n t  i r r a d i a n c e  
l e v e l s .  The major  c o n c l u s i o n s  were: 
t han  t h e  s i l i c o n  c e l l s .  
A f t e r  s e v e r a l  d i f f e r e n t  i n t e r m e d i a t e  f l u e n c e s  
1 .  The GaAs c e l l s  a l l  were more r a d i a t i o n  r e s i s t a n t  t o  t h e  37 MeV p r o t o n s  
2.  There was no l a r g e  d i f f e r e n c e  i n  t h e  d e g r a d a t i o n  of GaAs c e l l  per fo rm-  
ance when measured a t  25 or 80 O C .  
3. There was no a n n e a l i n g  due t o  t h e  t i m e  spen t  (abou t  30 min)  a t  80 O C  
f o r  measurements. 
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TABLE I. - RATIOS OF IRRADIATED TO I N I T I A L  
VALUES AFTER SEVERAL 37 MeV PROTON 
FLUENCES A T  25 “C AND AM0 
F l u e n 2 e ,  
p / c m  
I,, Voc F i l l  Pmax 
7 . 6 ~ 1 0 ~ ~  0.987 0.999 
2 . 5 ~ 1 0 ~ ~  .972 .988 
6 . 5 ~ 1 0 ~ ’  .955 .970 
3 . 0 ~ 1 0 ’ ~  .924 .934 
7 . 6 ~ 1 0 ~ ~  0.991 0.980 0.994 0.966 I 2.5~10;; I .976 1 .965 1 .987 I .930 
6 . 2 ~  10. - .959 .946 .976 .885 
- 
0.995 0.982 
1.005 .966 
1.002 .929 
1.021 .882 
2 . 8 ~ 1 0 ’ ~  I .910 I .895 1 .952 I .776 
ASEC 
0.980 
.967 
,945 
.899 
7 .6x101 
2 . 5 ~ 1 0 ~ ’  
6 . 2 ~ 1 0 ~ ~  
2 . 8 ~ 1  0 l 2  
0.993 0.991 
.973 .973 
.959 .968 
.911 .935 
F l u e n 2 e ,  
p / c m  
0.964 
.915 
.878 
.766 
I,, Voc F i l l  Pmax 
S i  1 i con 
7 . 6 ~ 1 0 ~ ~  
2 . 5 ~ 1 0 ~ ’  
6 . 5 ~ 1 0 ”  
3 . 0 ~ 1 0 ’ ~  
TABLE 11. - RATIOS OF IRRADIATED TO 
I N I T I A L  VALUES AFTER SEVERAL 
37 MeV PROTON FLUENCES AT 
25 “C AND lOOX 
0.987 0.990 1.006 0.984 
.972  .977 .995 .947 
.955 .964 .988 .909 
.924 .928 .980 .841 
I V a r i a n  1 
I H u g h e s  1 
7 6x1010 0 991 0 989 1 008 0 987 I z : ~ ~ I o ! !  I :976 1 1978 1 :996 1 :951 I 
6 . 2 ~ 1 0 ”  .959 .965 1.005 .929 
1Z.8x10i2 1 .910 1 .943 1 .981 1 .842 1 
7 .6x1010 
2 . 5 ~ 1 0 ~ ~  
6 . 2 ~ 1  O 1  
2 . 8 ~ 1  O 1  
ASEC 
I S i  1 i c o n  
0.869 
.759 
.711 
.603 
0.862 4 
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TABLE 111. - R A T I O S  OF IRRADIATED TO 
IN IT IAL  VALUES AFTER SEVERAL 
37 MeV PROTON FLUENCES 
AT 80 O C  AND l O O X  
0.985 
.971 
.963 
.931 
I I I I 
0.998 
.994 
.997 
.970 
Fluen e Is, I Voc I F i l l  1 Pmax 
p/cm5 ’ I 
7 . 6 ~ 1  O 1  
2 .5x101 ’ 
6 . 5 ~ 1 0 ~ ~  
3. Ox lo1‘ 
7 . 6 ~ 1  O 1  
2 . 5 ~ 1 0 ‘  
6 . 2 ~ 1 0 ~ ~  
2 . 8 ~  10 l2 
7 .6x1010 
2 . 5 ~ 1 0 ’ ~  
6 . 2 ~ 1 0 ~  
2 .8x101‘ 
V a r i  an 
Hughes 
0.988 
.972 
.949 
.goo 
0.982 
.967 
.937 
.890 
ASEC 
0.977 
.941 
.913 
.815 
S i l i c o n  
0.974 
.938 
.905 
.823 
7 .6x1010 
2 . 5 ~  10’ 
6 . 2 ~ 1 0 ~ ~  
2 . 8 ~ 1  O 1  
0.894 
.796 
,756 
.662 
0.993 1.001 
.994 I .998 
.952 .992 
.920 I .997 
0.888 
.790 
.715 
.606 
TABLE I V .  - DOMINANT CONTRIBUTION (CURRENT/VOLTAGE) 
TO Pmax LOSS FOR VARIOUS CELLS UNDER 37 MeV 
PROTON AND 1 MeV ELECTRON R A D I A T I O N S  AT 
BOTH AM0 AND l O O X  
C e l l  Type 37 MeV p r o t o n s  1 MeV e l e c t r o n s  
V a r i a n  GaAs Bo th  Bo th  C u r r e n t  Bo th  
Hughes GaAs Bo th  Bo th  C u r r e n t  C u r r e n t  
ASEC GaAs Bo th  C u r r e n t  C u r r e n t  C u r r e n t  
I S i l i c o n  I C u r r e n t  I C u r r e n t  I C u r r e n t  1 C u r r e n t /  
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37 REV PROTON FLUENCE 
FIGURE 1. - W I R W l  POMR RATIO VERSUS 37 REV PROTON FLUENCE 
FOR FOUR DIFFERENT CELLS AT 25 OC AND lOOX PRO. 
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37 REV PROTON FLUENCE 
FIGURE 3. - NORMLIZED I,, V,,, P,, AND F I L L  VERSUS 37 REV 
PROTON FLUENCE FOR VARIAN GaAs CELLS AT 25 OC AND lOOX PRO. 
I 0 VARIAN \ 
37 REV PROTON FLUEEE 
FIGURE 2 .  - W I R U R  POMR RATIO VERSUS 37 HEV PROTON FLUENCE 
FOR FOUR DIFFERENT CELLS AT 25 OC AND ONE SUN. 
37 REV PROTON FLUENCE 
PROTON FLUENCE FOR ASEC GaAs CELLS AT 25 'C AND 1OOX PRO. 
FIGURE 4. - NORMALIZED I,, Voc, P,, AND FILL VERSUS 37 REV 
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37 REV PROTON FLUENCE 
PROTON FLUENCE FOR HUGHES GaAs CELLS AT 25 OC AND lOOX 
AI0 . 
FIGURE 5. - NORMALIZE Isc, V,,, P,, AND FILL VERSUS 37 I E V  
a 0 25 OC AM0 
0 25 OC lOOX 
0 80 oc lOOX 
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3 7  MEV PROTON FLUENCE 
FIGURE 7 .  - MAXIMUM POWER RATIO VERSUS 3 7  MEV PROTON FLUENCE 
AT THREE DIFFERENT CONDITIONS FOR ASEC GaAs CELLS. 
37 MEV PROTON FLUENCE 
PROTON FLUENCE FOR SILICON CELLS AT 25 OC AND lOOX AM0 
FIGURE 6. - NORMALIZED I, Voc, P,,, AND FILL VERSUS 37 MEV 
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